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Introduction / Scope 
 The Advanced Radiographic Capability (ARC) is a diagnostic system in the National 

Ignition Facility (NIF) that will enable high-speed imaging of imploding targets in the NIF Target 

Chamber.  NIF is a multi-billion dollar project to focus 192 laser beams onto a small target 

(approximately the size of a pencil eraser) to generate nuclear fusion.  The complete ARC 

system is composed of approximately 80 modular large optical assemblies known as Line 

Replaceable Units (LRUs).  The total estimated weight of the ARC optics alone is 16,000 lbs, with 

an average optic weight of 200 lbs. 

Key to the function and performance of ARC is an optical compressor, which uses 

diffraction gratings known as Grating LRUs to temporally compress a total of 8 laser beams.  

The resulting high-power beams are focused onto a back-lighter target to create high-energy x-

rays for imaging.  These Grating LRUs are housed inside vacuum vessels called Compressor 

Vessels (Figures 1-5).  There are a total of 32 Grating LRUs, 16 in each Compressor Vessel. 

 

Figure 1 – ARC Laser Beams Fired into the NIF Target Chamber 
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Figure 2 – ARC Laser Beampath with Translucent Vessels 

 

Figure 3 – Grating LRUs and Supports Stands Inside Compressor Vessels – Note Qty. 4 Grating 

LRUs Per Support Stand 
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 Since accepting employment at Lawrence Livermore National Laboratory (LLNL) in 2010, 

I have been a primary member of the engineering team responsible for the design, assembly, 

testing, and commissioning of these Grating LRUs.  Over the last 4 years, I have assumed 

additional responsibility and currently serve as the Lead Engineer for ARC LRU Systems, which 

includes all 80 ARC LRUs, as well as associated vessels and infrastructure.  This paper will focus 

on the mechanical design of these Grating LRUs and will highlight a number of key feature that 

make the Grating LRU a unique and successful design. 

 

Figure 4 – Grating LRU Model (Left); Prototype Grating LRU in ARC Testbed (Right) 

 



5 
 

 

Figure 5 – A Quad of Grating LRUs Installed in a Compressor Vessel – the Operations Cover is 

Removed from the Upper Right LRU 
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Grating LRU Design 
 Certain elements featured in the Grating LRU design are critical to the proper function 

of the LRU and will be discussed subsequently.  These include: optic-edge dowel support, 

actuated flexure system, piston adjustment mount, secondary restraint system, and ghost-

mitigation armor glass. 

Optic-Edge Dowel Support System 

 Each Grating LRU optic is supported on its edge by three dowel supports.  The bottom 

surface has two groove features which engage one spherical and one pin dowel.  The upper 

surface has one groove feature engaging another pin dowel (Figure 6).  These three dowels 

constrain the optic in a deterministic, repeatable manner and function as a quasi-kinematic 

mount. 

 

Figure 6 – Grating LRU Optic Supported by Dowel Mount 

 The upper dowel is seated with a flexure made from hardened 13-8 stainless steel, 

which is shimmed into place such that the flexure deflects by a prescribed amount, gently 

preloading the optic and seating the upper dowel with a force of approximately 40 lbs (Figure 

7). 
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Figure 7 – Finite Element Analysis Result of Upper Dowel Flexure, Showing Deflected Shape 

 Early Grating LRU prototypes were assembled with dowels made from annealed 6061-

T0 aluminum (Figure 11).  Finite Element Analysis indicated that, under standard loading, 

contact with the support dowels would generate peak first-principle optic stresses of 4 MPa, 

which would result in a critical flaw threshold (75 MPa) margin of ~19 (Figure 8). 

 

Figure 8 – Finite Element Analysis of Optic/Dowel Interface 

 Upon disassembling these Grating LRU prototypes, cracks were discovered at the 

optic/dowel interface (Figure 9).  It should be noted that each Grating optic is a large, ~300 lb 

diffraction grating fabricated in-house at LLNL and valued at over $250,000.  Operational spares 

are limited.  Considering the significant margin indicated by contact analysis, this optic damage 

was unexpected.  After considerable investigation and discussion with optics materials experts, 

it was hypothesized that these cracks developed during optic installation onto the prototype 

Grating LRU frame.  The optic had been set on the dowel support via a compliant carriage 
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known as the Grating Optic Lifting Fixure (GOLF) (Figure 10).  This carriage was designed to 

allow the optic to rock freely, aiding in seating the optic gently on the support dowels, without 

overloading the assembly.  It was hypothesized that, as an unexpected result of this 

compliance, the optic experienced significant tangential (friction) contact loading as it was set 

onto its dowel supports.  In conjunction with normal contact loading, tangential loading is 

known to generate significantly higher first-principle stresses than normal loading alone.   

 

Figure 9 – Cracks in Prototype Grating LRU Optic Dowel Support Grooves  
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Figure 10 – Grating Optic Installation into LRU Frame Using the GOLF 

 In response to this issue, the optic support dowels were redesigned.  After considering a 

number of potential solutions, it was determined that the new optic support features should 

retain their original physical dimensions, but feature Vespel caps which, while offering 

acceptable robustness when exposed to ARC beampath hazards such as high-power laser light 

and neutron radiation, would provide a more compliant, lower friction optic contact surface 

(Figure 11).  These new dowels were fabricated and a cold flow test was performed on an 

Instron test machine to verify the dowels were geometrically stable when subject to loads 

equivalent to that of the Grating optic.  After the dowels showed no signs of cold flow, a 

Grating LRU frame was assembled with these new features.  A Grating optic was installed, and 

the LRU packaged and transported around the NIF facility to simulate dynamic loads typical 

when LRUs are shipped from our in-house cleanroom assembly building to the NIF Target Bay 

for installation in the ARC beampath.  After completion of this test, no optic cracking was 

observed, and Grating LRU production continued.  An additional 16 Grating LRUs have since 
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been assembled, none of which have exhibited any optic damage due to the re-designed dowel 

mounts.  An analysis of the Optic-Edge Dowel Support System is presented in Appendix A.  

 

Figure 11 – Original Annealed Aluminum Dowels (Above), and Redesigned Dowels with 

Vespel Caps (Below) 

Actuated Flexure System 

 In order to provide rigid restraint of the Grating LRU optic while allowing for rotational 

adjustment, the LRU incorporates an actuated flexure system.  The Grating LRU optic frame is 

mounted to its actuator plate by means of 6 flexures (Figure 12).  Each flexure is made from 13-

8 stainless steel, hardened to 210,000 psi yield strength.  Additionally, each flexure has thin 

blade features, machined by wire EDM, that allow the flexure to bend in manner that allows for 

compliance in all degrees of freedom except the direction along the flexure primary axis (Figure 

13).  Together, the 6 flexures constrain the optic and its frame in six degrees of freedom, which 

provide for a rigid mount without over-constraint. 
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Figure 12 – Grating LRU Flexure System – Note the Actuator and Anti-Rotation Flexures are 

Mounted to Motorized Actuators 

 

Figure 13 – Finite Element Model of an Individual Flexure, Showing Typical Deflection and 

Flexure Primary Axis 

 The actuator flexures and anti-rotation flexure are mounted to motorized actuators, 

which, when driven, allow the Grating LRU optic to be adjusted in rotation about three axes.  

These rotations are commonly referred to as tip, tilt, and rotation.  The three large central 

flexures, known as spider flexures, together create a point at which the optic is constrained and 

cannot move.  This point is called the center of rotation and is intentionally located near the 

center of the front face of the Grating LRU optic (Figure 14).  A detailed finite element analysis 
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model has been created to determine stresses and deflections in the LRU flexure system.  This 

model is presented in Appendix B. 

 

Figure 14 – Grating LRU Adjustable Degrees of Freedom 

Piston Adjustment Mount 

 Each Grating LRU is mounted in the ARC beampath by means of a kinematic vee and flat 

(Figure 15), as well as 4 Harbinger micro-positioners, also called micposis (Figures 16 and 17).  

The kinematic vee and flat each engage kinematic pins, locating the Grating LRU in the x and y-

directions according to the coordinate system shown in Figure 15.  This kinematic connection 

allows for repeatable and tightly-toleranced positioning of the Grating LRU through multiple 

installation and removal cycles.  The Harbinger micposis can be threaded in and out of tapped 

holes in the Grating LRU actuator plate and each locked in place with a fastener that registers in 

a counterbored hole running down the center of the micpsoi and threading into a receiver in 

the Grating LRU mount.  The mount end of the micro-positioner is convex and the receiver 
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concave, which allows the mount to properly seat despite any small machine tolerance errors 

that might exist between various features.   A detailed analysis of the Piston Adjustment Mount 

is presented in Appendix C. 

 

Figure 15 – Grating LRU with Kinematic Vee and Flat Registering on Precision Pins 

 

Figure 16 – Location of Qty. 4 Harbinger Micposi Assemblies 
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Figure 17 – Cross-Section and Exploded Views of Harbinger Micposi Assembly 

Secondary Restraint System 

 Driving the Grating LRU actuators to extreme travel configurations can result in 

significant deflection of and stresses in the flexure support system.  Although the flexures were 

designed to provide adequate safety margin under all actuator configurations such that failure 

of the system should never occur, it was considered prudent to implement a secondary 

restraint system.  This system provides a means of capture of the Grating LRU optic and 

surrounding optic frame by utilizing posts that mount to the back of the optic frame and extend 

through holes in the actuator plate.  The Grating LRU optic frame with posts was modeled in 

finite element software to verify adequate clearance with the holes in the actuator plate 

through the entire range of travel.  These posts feature an outer flange that functions as a 

tether in the event of flexure failure.  Additionally, the lower anti-rotation flexure bracket is 

designed to function as a ledge supporting the vertical weight of the optic assembly in the 

event of flexure failure (Figure 18).   
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Figure 18 – Grating LRU Secondary Restraint System 

 The secondary restraint posts are designed with a tapered cross-section which allows 

for a more uniform bending stress distribution of the restraint when modeled as a cantilever 

beam.  Additionally, the restraints are 304 stainless steel, which offers significantly greater 

ductility and ultimate strength when compared to alternative materials such as 6061-T6 

aluminum.  The secondary restraint posts feature a removable flanged cap, which mounts to 

the post with one M16 fastener.  This cap must be removable to allow for assembly of the 

secondary restraint onto the Grating LRU.  A detailed analysis of the Secondary Restraint 

System is presented in Appendix D. 

Ghost-Mitigation Armor Glass 

 Stray light in the ARC beampath may be sufficiently powerful to damage exposed 

materials.  When struck with laser light, metals, plastics, and other materials may ablate 

particles outward.  These ejecta pose a hazard to the ARC system optics, as they may deposit on 

optical surfaces, impacting laser performance.  In order to mitigate this hazard, absorbing glass 

has been installed in various places in the ARC beampath.  This absorbing glass, similar to tinted 

window glass, absorbs stray laser light and safely dissipates its energy, acting as “armor” for the 

materials it shadows.   



16 
 

 Unfortunately, due to scheduling demands, stray laser light threats to the Grating LRUs 

were not fully appreciated until after these LRUs were installed and aligned in the ARC 

beampath.  Therefore, the ARC team was tasked with designing armor glass that could be 

readily installed on Grating LRUs in-situ, without significant risk to optics and without impacting 

Grating alignment.  The design team’s solution is described subsequently. 

 First, transport and handling (T&H) covers are installed on a Grating LRU.  These covers 

protect the Grating LRU optics, which feature delicate coatings which are highly susceptible to 

scratch damage.  The T&H covers are also used when transporting the Grating LRUs between 

facilities and were designed and fabricated prior to the design of the ghost-mitigation armor 

glass.  Next, qty. 4 pre-assembled brackets are installed on receivers on the Grating LRU optic 

frame upper and lower bars.  Where possible, these brackets feature captive fasteners for ease 

of assembly (Figure 19).   

 

Figure 19 – Grating LRU with T&H Cover and Armor Glass Brackets Installed 
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 Next, the T&H cover is removed, and a temporary installation cover is installed in its 

place (Figure 20).  This installation cover is specially designed to protect the Grating optic while 

featuring cut-outs to allow for installation of armor glass.  With the installation cover in place, 

pre-assembled armor glass assemblies are mounted to the brackets (Figures 21 and 22).  Each 

piece of armor glass is mounted to an aluminum backing plate by means of 

polyetheretherketone (PEEK) crush bushings.  A fastener is assembled through each crush 

bushing and a small preload torque is applied to the fastener.  The crush washer, in turn, 

compresses and acts as a spring against the fastener head.  A PEEK bearing washer is placed 

between the glass and fastener head to provide a compliant bearing surface.  The crush bushing 

design allows each piece of armor glass to be precisely located and restrained without 

experiencing significant clamping loads or point-loading, which could lead to glass chipping or 

cracking.  The spring action of the crush washer also helps to prevent gradual fastener preload 

loss over time.  All PEEK hardware is susceptible to damage if exposed directly to laser light, so 

all crush bushings are shielded with stainless steel washers. 

 

Figure 20 – Grating LRU with Temporary Installation Cover and Armor Glass Installed 
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Figure 21 – Armor Glass Assembly 

 

Figure 22 – Armor Glass Assembly, Exploded View 

 After all armor glass has been installed, the installation cover is removed and a final, 

operations cover is installed in its place (Figure 23).  This cover protects both the Grating optic 

and armor glass while performing maintenance and other operations within the Compressor 

Vessels. 
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Figure 23 – Grating LRU with Operations Cover Installed  
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Appendix A – Optic-Edge Dowel Support Design Calculations 
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Appendix B – Actuated Flexure System Finite Element Model 
 A Grating LRU finite element model was developed and analyzed in PTC Creo Simulate (formerly 

ProEngineer Mechanica).  The model was based on a simplified Grating LRU solid model and featured 

detailed flexure geometry (Figure B1).  The three spider flexures (shown below in grey) were each 

constrained on their outermost surfaces.  The two actuator flexures and one anti-rotation flexure 

(shown below in green) were also constrained on their outermost surfaces, but were prescribed to set 

extensions along their primary axis (see arrows below).  This simulated the act of actuator translation 

and resulted in deflections and stresses in the actuator flexure blades.  Additionally, body loads were 

specified, simulating the effect of gravity or other static loads.  Appropriate material properties were 

assigned to each component.  

 

Figure B1 – Grating LRU Finite Element Model with Detailed Flexure 

 The model was meshed with solid tetrahedral elements utilizing an automatic meshing 

algorithm within the Creo software.  Most cases considered only geometric linearity and perfectly elastic 

materials; however, a small number of case studies were performed utilizing a geometrically nonlinear 

solver.  For most loading scenarios, the geometrically linear and nonlinear models exhibited strong 

correlation.  Since design requirements did not allow for yielding of the flexure material, elements 
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featuring plasticity were not necessary; rather, all operating scenarios were required to feature resulting 

stresses below material yield strength.  To verify model convergence, additional case studies were 

performed examining localized mesh refinement in areas exhibiting significant stresses.  Lastly, two 

additional models were created, one featuring flexures with blades meshed with shell elements, and the 

other with blades meshed with beam elements.  For most loading scenarios, deflection and stress 

results from these models were in general agreement with those from solid tetrahedral element model. 

 Results from a typical loading scenario are shown in Figure B2 and B3.  Figure B2 shows the 

deflected model, scaled to 6x its actual deflection.  Figure B3 shows the stress result in a flexure blade.  

Note the bending behavior of the flexure blades, apparent both in the deflected shape of the flexure, 

but also the stress profile of the blade.  The anisotropic stiffness of an individual flexure – its ability to 

deform via blade bending while remaining stiff along its longest dimension, is utilized to create an 

optical mount that is both adjustable and avoids over-constraint. 

 

Figure B2 – Deflected Model Shape, Scaled 6x, of a Typical Finite Element Result (Undeformed Shape 

Shown with Light Blue Outline) 
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Figure B3 – Stress Profile of a Typical Finite Element Result (Units in Pa) 
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Appendix C – Piston Adjustment Mount Calculations 
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Appendix D – Secondary Restraint System Calculations 
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Appendix E – Engineering Drawings 
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